Expansion of the mouse cumulus-oocyte complex (COC) is dependent on oocyte-secreted paracrine factors. Transforming growth factor beta (TGFB) superfamily molecules are prime candidates for the cumulus expansion-enabling factors (CEEFs), and we have recently determined that growth differentiation factor 9 (GDF9) alone is not the CEEF. The aim of this study was to examine oocyte paracrine factors and their signaling pathways that regulate mouse cumulus expansion. Using RT-PCR, oocytes were found to express the two activin subunits, Inhba and Inhbb, and activin A and activin B both enabled FSHinduced cumulus expansion of oocytectomized (OOX) complexes. Follistatin, an activin-binding protein, neutralized activininduced expansion but had no effect on oocyte-induced expansion. The type I receptors for GDF9 and activin are activin receptor-like kinase 5 (ALK5) and ALK4, respectively, both of which activate the same SMAD 2/3 signaling pathway. We examined the requirement for this signaling system using an ALK 4/5/7 inhibitor, SB-431542. SB-431542 completely ablated FSHstimulated GDF9-, activin A-, activin B-, and oocyte-induced cumulus expansion. Moreover, SB-431542 also antagonized epidermal growth factor-stimulated, oocyte-induced cumulus expansion. Using real-time RT-PCR, SB-431542 also attenuated GDF9-, activin A-, and oocyte-induced OOX expression of hyaluronan synthase 2, tumor necrosis factor alpha-induced protein 6, prostaglandin synthase 2, and pentraxin 3. This study provides evidence that the CEEF is composed of TGFB superfamily molecules that signal through SMAD 2/3 to enable the initiation of mouse cumulus expansion.
INTRODUCTION
Oocyte paracrine signaling to cumulus cells (CCs) is required for the mucification and expansion of the CCs surrounding the oocyte. Cumulus expansion is a highly coordinated process that occurs a few hours prior to ovulation and involves the production of a complex extracellular matrix (ECM) crucial for ovulation, fertilization and, hence, fertility [1] . Hyaluronan (HA), a nonsulphated glycosaminoglycan, forms the major structural backbone of the matrix and is synthesized by the enzyme hyaluronan synthase 2 (HAS2) [2, 3] . Other important components of the ECM include the HAbinding proteins tumor necrosis factor alpha-induced protein 6 (TNFAIP6) and pentraxin 3 (PTX3). Both TNFAIP6-and PTX3-deficient mice synthesize normal amounts of HAS2, but they are infertile due to their inability to organize HA into a stable matrix [1, 4] . In addition, prostaglandin (PG) signaling is important for assembly of the CC matrix, as knockout mice for the PG rate-limiting enzyme, PG synthase 2 (PTGS2), are infertile, and knockouts for one of the PGE receptors (EP 2 ) have reduced fertility, both due to cumulus expansion defects [5] [6] [7] .
Expansion of the mouse cumulus-oocyte complex (COC) is critically dependent upon two signaling events: 1) stimulation by gonadotropins or epidermal growth factors (EGFs) and 2) paracrine signals secreted by the oocyte, termed the cumulus expansion-enabling factors (CEEFs), which act on its neighboring CCs, enabling these cells to respond to the aforementioned stimuli [8] [9] [10] [11] . While the gonadotropin/EGF signal is now well described, the CEEFs are poorly understood and remain a controversial topic. In vivo, gonadotropin stimulation of cumulus expansion is clearly initiated by the midcycle LH surge. In vitro, when mouse COCs are treated with LH they fail to undergo cumulus expansion, as both CCs and oocytes have low to undetectable levels of LH receptors in the preovulatory follicle and therefore do not respond to direct LH stimulation [12] . Mural granulosa cells, however, express LH receptors, and it has recently been shown that the LH surge induces highly regulated expression of three EGF family members: amphiregulin, epiregulin, and betacellulin [13] . These EGFlike peptides then stimulate cumulus expansion in COCs via the EGF receptor, demonstrating that these molecules are the paracrine mediators transmitting the LH signal to the COCs in the ovarian follicle [13] . Cumulus expansion also can be mimicked in vitro by stimulation with FSH, cAMP analogs, and EGF [8, 14, 15] , effects that are blocked by specific mitogen-activated protein kinase (MAPK) inhibitors, suggesting that the gonadotropin cascade is mediated in CCs through MAPK pathways [16, 17] .
In addition to gonadotropin/EGF activation of the MAPK cascade, expansion of the mouse COC requires an oocytesecreted paracrine signal. Microsurgical removal of the oocyte from the COC (generating an oocytectomized [OOX] complex) eliminates FSH-induced CC expansion, and expansion can be restored by coculturing these OOX complexes with denuded oocytes (DOs), demonstrating the secretion of and requirement for oocyte CEEFs [9] . Although the identities of the oocytesecreted CEEFs remain controversial, it seems likely some combination of transforming growth factor beta (TGFB) superfamily molecules is responsible, as the CEEFs can be mimicked by TGFB1 or growth differentiation factor 9 (GDF9) [18] [19] [20] . Recently, oocyte-secreted bone morphogenetic protein 15 (BMP15) also has been implicated in the regulation of cumulus expansion via a mechanism requiring EGF receptor signaling [21, 22] . These studies suggest that oocyte paracrine signaling in CCs via the classical TGFB superfamily signaling cascades is required for cumulus expansion.
TGFB superfamily ligands bind as homodimers or heterodimers to their respective transmembrane-bound serine/threonine kinase type I receptor (activin receptor-like kinase [ALK]) or type II receptor, forming an oligomeric complex. The phosphorylated type I receptor then phosphorylates receptorregulated SMADs (R-SMADs), which subsequently associate with the co-SMAD (SMAD4). This activated heterodimeric SMAD complex then translocates from the cytoplasm into the nucleus, where it regulates transcription of target genes. TGFB superfamily ligands signal through one of two distinct intracellular cascades-they either activate the SMAD 2/3 or the SMAD 1/5/8 signaling pathway, depending on which type I and type II receptors they use. The TGFBs, activins, GDF9, GDF8 (myostatin), and nodal all activate SMAD 2/3 signal transducers via their respective type II receptors and the recruitment and phosphorylation of ALK 4, 5, or 7 (reviewed in Drummond [23] and Harrison et al. [24] ). Conversely, the BMPs activate SMAD 1/5/8 via the BMP type 2 receptor (BMPR2) and ALK 2, 3, or 6.
In the current study we hypothesize that TGFB superfamily signaling, specifically through the SMAD 2/3 pathway, is responsible for mediating the CEEF paracrine signals from the oocyte to CCs, which is required for the initiation of CC expansion. This hypothesis is formulated on the basis that mouse oocyte-secreted factors (OSFs) activate predominately SMAD 2/3 signaling molecules in granulosa cells and CCs [25] , and that stimulation of this pathway by TGFB1 [18] or GDF9 [20] mimics the CEEFs and enables CC expansion. In this study we confirm that oocytes express the activins, and so we examined for the first time the role of activins A and B in enabling cumulus expansion, as these growth factors also signal through SMAD 2/3. Our results show that OSFstimulated expression of Has2, Tnfaip6, Ptx3, and Ptgs2 in CCs is mediated by SMAD 2/3 and that mouse cumulus expansion requires OSF activation of SMAD 2/3 signaling.
MATERIALS AND METHODS
Unless specified, all chemicals and reagents were purchased from Sigma (St. Louis, MO).
Collection of COCs
This study was approved by Local Animal Ethics Committees and was conducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Ovaries were collected 46 h after injecting 21-to 26-day-old 129/SV mice with 5 IU equine chorionic gonadotropin (eCG; Folligon; Intervet, Castle Hill, Australia). Ovaries were cleaned free of adherent adipose and connective tissues and placed in HEPESbuffered tissue cultured medium-199 (H-TCM-199; ICN Biomedicals Inc., Irvine, CA) supplemented with 0.1% (wt/vol) BSA (H-TCM-199/BSA). COCs were isolated by puncturing antral follicles with 27-gauge needles and were collected in H-TCM-199/BSA. Only COCs with a uniform covering of compacted CCs were used in this study.
Treatment of COCs and OOX Complexes
Stimulation of cumulus expansion. Cumulus expansion was stimulated either with FSH (50 mIU/ml recombinant human FSH; Puregon; Organon, Oss, The Netherlands) as the traditional hormone used to stimulate expansion in vitro [26] , or with EGF (10 ng/ml recombinant human EGF; R&D Systems, Minneapolis, MN) to simulate mediators of the LH cascade [13] .
Oocyte-secreted factors enabling cumulus expansion. To examine the participation of oocyte paracrine factors in cumulus expansion, native OSFs were eliminated by microsurgically removing the oocyte from COCs by oocytectomy using a micromanipulation apparatus on an inverted microscope as previously described by Buccione et al. [9] . To enable expansion, OOX complexes were cocultured with DOs or treated with various growth factors from the TGFB superfamily. DOs were generated by stripping COCs of their surrounding CCs by rapidly agitating COCs using a vortex mixer for approximately 4 min in 2 ml H-TCM-199/BSA. A total of 40 DOs were cultured per 50-ll drop, resulting in a DO concentration of 0.8/ll. Alternatively, OOXs were treated with the SMAD 2/3-activiating positive controls: recombinant human activin A, activin B (12.5-400 ng/ml; R&D Systems), or recombinant mouse GDF9 (145 ng/ml). The GDF9 was produced in house using a transfected 293 human embryonic kidney cell line and is partially purified by hydrophobic interaction chromatography, as previously described [27, 28] . This preparation of GDF9 has been used in a number of studies [20, 25, 27, 28] , and the dose used for the current study was based on a dose-response experiment using this experimental model [20] .
Oocyte-secreted factor antagonists. Attempts were made to antagonize recombinant and native oocyte-secreted activin A and B bioactivities using follistatin-288, which was generously donated by S. Shimasaki (University of California San Diego, San Diego, CA). In order to examine the TGFB superfamily signaling pathway used to enable cumulus expansion, oocyte paracrine factors were antagonized by treatment with the small molecule inhibitor, SB-431542 (generously donated by GlaxoSmithKline, Stevenage, UK). SB-431542 acts as competitive ATP binding site kinase inhibitor, potently 
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antagonizing the activities of ALK5, ALK4, and ALK7 [29, 30] . SB-431542 has no effect on ALKs 1, 2, 3, and 6 and has very low affinity for any other cellular kinases, and so it is a highly specific ALK 4/5/7 kinase inhibitor [30] . Consequently, SB-431542 potently antagonizes the ALK 4/5 ligands-TGFB1, the activins, and GDF9-without affecting BMP signaling [25, 30] . We have recently demonstrated that SB-431542 completely antagonizes OSF activation of SMAD3 in granulosa cells, thereby ablating the proliferative effects of native OSFs and GDF9 on these cells [25] . Furthermore, treatment of intact COCs with SB-431542 does not adversely affect oocyte meiotic or cleavage potential [31] . A 10-mM stock solution of SB-431542 was prepared in dimethyl sulfoxide (DMSO) and diluted in culture medium prior to addition to culture drops such that the maximum concentration of DMSO was 0.04% (vol/vol).
Culture of COCs and OOX complexes and assessment of expansion. Complexes were cultured in 50-ll drops of Waymouth MB 752/1 medium (WAY; Sigma) supplemented with penicillin G (100 U/ml; JRH Biosciences, Lenexa, KS), streptomycin sulphate (100 mg/ml; JRH Biosciences), and 5% (vol/vol) fetal calf serum (FCS; Trace Biosciences, Castle Hill, Australia), with or without treatment reagents (see above), and were overlaid with mineral oil in Falcon Petri dishes (Becton Dickinson, Franklin Lakes, NJ). A total of 10 COCs or OOX complexes were cultured per 50-ll drop. Complexes were incubated for 20 h at 378C, 96% humidity in 5% CO 2 in air, followed by blinded assessment of morphological cumulus expansion to eliminate bias. Cumulus expansion was assessed according to a well-established subjective scoring system (0 to þ4); in brief, score 0 indicates no expansion, and score þ4 indicates maximum expansion [10] . A cumulus expansion index (0.0 to 4.0) was calculated as previously described [32] .
CC apoptotic DNA assessment by TUNEL. To determine the effects of SB-431542 on CC viability, COCs were treated with SB-431542, and then CC apoptosis was quantified using TUNEL (Roche Diagnostic, Penzberg, Germany) and confocal microscopy, as recently described [33] . In brief, COCs were cultured in 50-ll microdrops of WAY supplemented with FCS and FSH, either alone or treated with SB-431542 (4 lM), for 6 h. Following culture, intact COCs were washed in PBS, fixed in paraformaldehyde, and then processed for TUNEL as previously described [33] . Positive controls were incubated in DNAse 1 and negative controls in the absence of terminal deoxynucleotidyl transferase. Following TUNEL, the proportion of apoptotic CCs was quantified individually in each COC using confocal microscopy and IPLab software (Scanalytics, Fairfax, VA), as described in detail [33] . In brief, three optical Z sections were acquired for each COC in both a green channel (apoptotic) and a red channel (total DNA), the proportion of apoptotic cells was determined in each section, and then an average was generated from the three sections for each COC. This was repeated for a minimum of 30 COCs in each of the two treatment groups.
RT-PCR of Oocytes
RNA isolation. COCs were collected from mouse ovaries and examined for mRNA expression of the two activin subunits, Inhba and Inhbb, and Gdf8. Mouse ovary and skeletal muscle were collected as positive tissue samples. COCs were collected in H-TCM-199/BSA and denuded of surrounding CCs by mouth pipetting. DOs then were washed three times in H-TCM-199/BSA and transferred to Eppendorf tubes (40 DOs per tube) on ice. The RNA from mouse ovary, skeletal muscle, and DOs was extracted using a micro RNA isolation kit (Qiagen, Doncaster, Australia) as described previously [20] .
RT-PCR analysis. RNA was reverse transcribed using random primers (Boehringer Mannheim, Mannheim, Germany) and a Superscript II RT kit (Life Technologies Inc., Grand Island, NY) according to the manufacturer's instructions. A negative RT control substituting water for reverse transcriptase was included in each experiment. Primer pairs for Inhba, Inhbb, and Gdf8 were designed using Primer Express software (PE Applied Biosystems, Foster City, CA), and synthesized by Geneworks (Adelaide, Australia). Actb primers were generously donated by S. Robertson (University of Adelaide, Adelaide, Australia). Primer pair sequences are listed in Table 1 . Each PCR reaction sample consisted of 2.5 ll Qiagen 103 buffer, 1 mmol/l MgCl 2 , 0.4 mmol/l each of dATP, dCTP, dGTP, and dTTP, 0.5 units HotStarTaq DNA polymerase, 10 pmol of each primer, and 3 ll diluted cDNA sample (1:5), and was made up to a final volume of 25 ll with ultra-pure water (Biotech, Bentley, Australia). Water was substituted for cDNA in the no-template control sample included in each PCR run. PCR samples were treated at 948C for 5 min, followed by 40 cycles of 948C for 1 min, 588C for 1 min, 728C for 1 min, and a final extension step of 728C for 7 min. PCR products were analyzed by electrophorsis by running a 2% (wt/vol) agarose gel containing 15 mg ethidium bromide (Boehringer) in Tris borate EDTA buffer (TBE) and visualized with a Kodak 120 digital camera over an ultraviolet light box. PCR product size was determined by comparison with HpaII-digested pUC19. The identities of the Inhba, Inhbb, and Gdf8 PCR products were confirmed by sequencing.
Real-Time RT-PCR for CC Matrix Transcripts
Experimental design. OOX complexes were cultured in 50-ll microdrops of WAY supplemented with 5% (vol/vol) FCS þ FSH (50 mIU/ml) for 6 h in one of the following treatments: 1) no treatment (control), 2) GDF9 (250 ng/ ml), 3) GDF9 þ SB-431542 (4 lM), 4) activin A (200 ng/ml), 5) activin A þ FIG. 1. Expression of inhibin subunits and myostatin mRNA in oocytes. COCs were collected and CCs and oocytes were manually separated by careful mouth pipetting. RNA was extracted from 50 oocytes, reverse transcribed, and amplified by PCR. þve, positive tissue sample (mouse ovary for Actb, Inhba, and Inhbb; mouse skeletal muscle for Gdf8); -ve RT, no reverse transcriptase; NTC, no template control (water substituted for cDNA template). Ladder, HpaII-digested pUC19.
DRAGOVIC ET AL.
SB-431542 (4 lM), 6) oocytes (0.8/ll), or 7) oocytes þ SB-431542 (4 lM). A total of 10 OOX complexes were cultured per treatment group, each treatment group was cultured in quadruplicate, and the experiment was replicated on five separate occasions.
Real-time RT-PCR analysis. After the 6-h incubation, OOX complexes were collected for RNA isolation as previously described [20] . Primer pairs for each transcript were designed using Primer Express software and were synthesized by Geneworks. The sequences for Rpl19, Has2, Ptgs2, Tnfaip6, and Ptx3 primer pairs are listed in Table 1 . PCR conditions were the same as previously described [20] , with the exception that 80 ng RNA was reverse transcribed and gene expression was calculated using the standard curve method. Standard curves were generated by serial dilution of COC cDNA. Critical threshold (C T ) values for each given sample were within the range of the standard curve for each gene of interest. Gene expression was calculated for each sample, then normalized to the housekeeping gene, Rpl19. Finally, PCR products were run on a 2% (wt/vol) agarose gel for confirmation of single, correctly sized products, and the identity of each PCR product was confirmed by sequencing.
Immunoblot Analysis of Phosphorylated Smad2 Protein
Experimental design. COCs were collected in H-TCM-199/BSA supplemented with 4 lM SB-431542, washed thoroughly in inhibitor-free medium, and then cultured in WAY supplemented with 5% (vol/vol) FCS þ FSH (50 mIU/ml) alone or treated with an increasing dose of SB-431542 (1-4 lM). Ninety complexes per treatment were cultured in 250 ll for 1 h in Nunc fourwell dishes (Nalge Nunc International, Roskilde, Denmark). At the end of the culture period, COCs were collected, washed once in cold PBS, and then stored at À808C as cell pellets. This experiment was replicated on three separate occasions.
Smad2 Western blot analysis. Thawed complexes were mixed with loading buffer containing 100 mM dithiothreitol (DTT) and subjected to SDS-PAGE (10% polyacrylamide gel). Proteins were subsequently electrotransferred to nitrocellulose membranes (Hybond-ECL; Amersham Life Science) in 25 mM Tris, 19Á2 mM glycine containing 20% methanol. Blots were blocked in 20 mM Tris (pH 7.6) containing 137 mM NaCl, 0.1% Tween-20, and 2% blocking agent (provided in the ECL Advance Kit) for 1 h at room temperature, then incubated overnight with an anti-phospho-Smad2 rabbit polyclonal antibody (1:10 000; Chemicon International, Temecula, CA; generously donated by Ann Drummond, Prince Henry's Institute, Melbourne, Australia) at 48C, followed by incubation with horseradish peroxidase-conjugated antirabbit antibody (1:200 000; Chemicon International) and detected using the sensitive Enhanced Chemiluminescence (ECL) Advance system (Amersham Biosciences).
Data Analyses
Each experiment was performed three to five times (see figure legends) . Treatment effects on cumulus expansion were examined using a Kruskal-Wallis one-way ANOVA on ranks, and differences between means were detected using Dunn method posthoc comparisons or t-tests. Real-time RT-PCR data were log transformed, and treatment effects were examined using a one-way ANOVA followed by Tukey comparisons. A P value of ,0.05 was considered statistically significant.
RESULTS

Oocyte Expression of Activin A and Activin B mRNA
We used conventional RT-PCR to determine which of the TGFB superfamily members that signal through SMAD 2/3 are expressed in oocytes. Nodal is not expressed in the oocyte [34] , and it is well known that oocytes express GDF9 and TGFB1/ B2, but there are conflicting reports as to whether mouse oocytes express the Inhba and Inhbb subunits constituting the activins [35, 36] . Inhba and Inhbb mRNA transcripts were detected in mouse oocytes (Fig. 1) . We also examined oocyte mRNA expression of Gdf8 (myostatin), as it also activates the common SMAD 2/3 signaling pathway [37] . Gdf8 mRNA transcripts were not detected in oocytes (Fig. 1) .
Activin A and Activin B Enable Cumulus Expansion
Although the role of activins in the regulation of cumulus expansion is unknown, the activins are related to and use a common intracellular signaling pathway to TGFB and GDF9, both of which can enable cumulus expansion [18, 20] . To examine the effect of activins A and B on cumulus expansion, OOX complexes were treated with FSH and cultured in the   FIG. 2 . Effect of activins A and B on cumulus expansion and of follistatin on oocyte-induced expansion. A and B) COCs and OOX complexes were cultured in media supplemented with 50 mIU/ml rhFSH and 5% FCS, and OOX complexes were treated with oocytes (0.8/ll), GDF9 (145 ng/ml), and an increasing dose (12.5-400 ng/ml) of activin A (A) or activin B (B). Asterisk indicates significant difference to OOX alone (P , 0.05). C and D) OOX complexes cocultured with oocytes (0.8/ll) and treated with either 200 ng/ml activin A (C) or 200 ng/ml activin B (D) were all treated with an increasing dose of follistatin-288 (400-1000 ng/ml). Negative controls included OOX complexes alone or OOX complexes treated with activin A or activin B together with SB-431542 (4 lM). Means within a line graph with different lowercase letters are significantly different (P , 0.05). Asterisks indicate the two means at that dose of follistatin are significantly different (P , 0.05). After 20 h of culture, the degree of cumulus expansion was assessed using the subjective scoring system, 0 (no expansion) to þ4 (maximal expansion), and the cumulus expansion index calculated. Results show the mean 6 SEM of three individual experiments, each with a total of 10 complexes (OOX or COC) per treatment group.
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presence of an increasing dose of activin A ( Fig. 2A) or activin B (Fig. 2B) . FSH-treated OOX complexes underwent expansion (P , 0.05), induced by activin A, in a dose-dependent manner. In contrast, FSH-treated OOX complexes cultured without activin failed to expand. Activins A and B mimicked the actions of native OSFs (oocytes in coculture) and GDF9 in enabling CC expansion to a level comparable to intact COCs.
Neutralization of Activins A and B Does Not Prevent Oocyte-Induced Cumulus Expansion
Having discovered that exogenous activins A and B enable cumulus expansion, we next assessed whether oocyte-secreted activin A and/or B contribute essential components of the mouse CEEF. A functional neutralization experiment was designed using the native activin-binding protein, follistatin, which is a well-characterized activin antagonist (reviewed in Harrison et al. [24] ). Activin A-and B-induced cumulus expansions were significantly (P , 0.05) ablated when treated with follistatin-288 or the ALK 4/5/7 inhibitor, SB-431542 (Fig. 2, C and D) . In contrast, follistatin-288 had no significant (P . 0.05) effect on cumulus expansion induced by oocytes (Fig. 2, C and D) . Failure of follistatin-288 to neutralize oocyte-induced cumulus expansion was not due to insufficient antagonist. In a separate experiment, increasing the dose of follistatin-288 to 2 lg/ml also did not prevent oocyte-induced cumulus expansion (mean 6 SEM: 3.1 6 0.1).
Requirement of SMAD 2/3 Signaling for CC Expansion
It is now known that FSH and EGF stimulation of cumulus expansion is mediated by MAPK signaling in CCs [16, 17, 38] , and mouse cumulus expansion also requires signaling by the oocyte-secreted CEEFs, but the signaling pathway(s) for the latter is unknown. To characterize TGFB superfamily signaling pathways involved in the regulation of cumulus expansion, the ALK 4/5/7 inhibitor, SB-431542, was used to determine the involvement of SMAD 2/3. First, the capacity of SB-431542 to block SMAD2 phosphorylation in intact COCs was examined by Western blot. FSH-stimulated COCs exhibited activated SMAD2 phosphorylation, which was dose dependently decreased by treatment with SB-431542 (Fig. 3A) , although it was not completely eliminated at the highest dose. To exclude the possibility of toxic effects of SB-431542, we next evaluated CC viability by quantifying the apoptotic incidence following a 6-h exposure to SB-431542. Treatment of COCs with SB-431542 did not alter the incidence of CC apoptosis (Fig. 3B) .
Oocytes and GDF9 stimulated cumulus expansion of OOX complexes, which in turn were both neutralized by SB-431542 in a dose-dependent manner (Fig. 4) . Oocyte-induced cumulus expansion was completely abolished at 2 lM SB-431542. The SB-431542 carrier, DMSO, at a vol/vol dose equivalent to 4 lM SB-431542, had no significant (P . 0.05) effect on GDF9-or ooctye-induced cumulus expansion (Figs. 4 and 5A) . SB-431542 also completely abolished cumulus expansion of intact COCs, whether stimulated to expand by FSH (Fig. 5A) or EGF (Fig. 5C ). To determine whether the prevention of cumulus expansion by SB-431542 is reversible, an experiment was 
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conducted in which FSH-stimulated COCs were exposed to SB-431542 for just 6 h, washed free of the inhibitor, and then returned to control culture medium for a further 14 h (Fig. 5B) . The 6-h time point was chosen, as the results in Figure 6 demonstrate that ECM genes are substantially upregulated from 0-6 h of culture and that this is prevented by SB-431542. After removal from the inhibitor and 14 h of culture, these COCs had undergone cumulus expansion, although the overall degree of expansion was somewhat reduced compared with that of the controls (Fig. 5B) .
To confirm that the cumulus expansion-inhibiting effects of SB-431542, as assessed above by morphological criteria, are actually caused by inhibition of expression of matrix genes, we examined CC Has2, Tnfaip6, Ptgs2, and Ptx3 mRNA expression using real-time RT-PCR. FSH-treated OOX complexes were cultured alone, treated with GDF9 or activin A, or cocultured with oocytes, in the presence or absence of 4 lM SB-431542 for 6 h. CC Has2, Tnfaip6, Ptgs2, and Ptx3 all were upregulated notably by GDF9 and oocytes, and to a lesser extent by activin A, compared with the control (Fig. 6) . The ALK 4/5/7 inhibitor, SB-431542, significantly (P , 0.05) antagonized activin A-and oocyte-induced OOX mRNA expression of all four genes. SB-431542 also significantly (P , 0.05) antagonized GDF9-induced OOX Has2 and Ptgs2 mRNA expression. These results verify that the dramatic morphological changes in cumulus expansion observed after treatment with SB-431542 correlate with functional changes in the expression of key matrix genes regulating expansion.
DISCUSSION
The release of a fertilizable oocyte from the ovary is dependent upon expansion of the CCs. Formation of the ECM surrounding the oocyte requires both gonadotropin stimuli and unidentified OSFs, the CEEFs, which most likely are a combination of growth factors belonging to the TGFB superfamily. In vitro, stimulation of COC expansion is most commonly achieved by treatment with FSH or EGF. Recently, Diaz et al. [16] demonstrated that both FSH and EGF activate MAPK3/1 (formerly ERK1/2) and MAPK14 (formerly p38) in CCs, a process required for cumulus expansion. However, it is well known that an oocyte paracrine signal also is required to enable gonadotropin/EGF-stimulated expansion. We have previously demonstrated that both TGFB1 and GDF9 can mimic the oocyte CEEF and enable FSH-induced cumulus expansion, but neither one alone nor the two together accounts for the mouse CEEF [20] . More recently, we have shown that OSFs primarily activate the SMAD 2/3 signaling cascade to stimulate granulosa cell proliferation [25] . This led us to hypothesize that TGFB superfamily signaling via the SMAD 2/ 3 pathway is responsible for mediating the CEEF paracrine signal from the oocyte to CCs, enabling expansion.
Results from this study provide evidence that the CEEFs signal through the SMAD 2/3 pathway and that this is essential for the induction of cumulus expansion. We used an ALK 4/5/7 inhibitor, SB-431542, to completely neutralize GDF9-, activin A-, activin B-, and oocyte-induced cumulus expansion. In addition, expression of CC genes involved in the formation of the ECM, including Has2, Tnfaip6, Ptx3, and Ptgs2, was substantially attenuated by treatment with SB-431542. Our results also demonstrate that the activin subunits are expressed in the oocyte and that activins A and B can mimic the actions of the oocyte CEEFs and enable FSH-induced cumulus expansion.
Intracellular SMAD proteins mediate the signal transduction of TGFB superfamily ligands, which control cell proliferation, differentiation, and apoptosis [39, 40] . Activation of specific SMAD proteins is dependent on which type I and type II receptors the ligands use. SMAD 2/3 is activated by ligands that signal through ALK 4, 5, or 7, whereas SMAD 1/5/8 is activated by molecules (mainly BMPs) that use ALK 2, 3, or 6 [39, 40] . Using SMAD reporter constructs and Western blotting, we have very recently demonstrated that OSFs activate granulosa cell SMAD 2/3 [25] ; however, prior to the current study, it was unknown whether the SMAD signaling pathways play a role in the regulation of cumulus expansion. In this study we have used the small molecule inhibitor, SB-431542, in the cumulus expansion assay. SB-431542 acts as a competitive ATP binding site kinase inhibitor that is highly specific for ALKs 4, 5, and 7, the kinases that activate SMAD 2/3 [30] . Accordingly, SB-431542 prevents oocyte-induced 5-4 lM) . The degree of cumulus expansion was determined after 20 h of culture using a scale of 0 (no expansion) to þ4 (maximal expansion). Means within a line graph with different superscript letters are significantly different (P , 0.05). COCs without EGF stimulation were cultured as a negative control (C). The SB-431542 carrier, DMSO, at a vol/vol dose equivalent to 4 lM SB-431542, did not affect cumulus expansion (A). B) FSH-stimulated COCs were either cultured alone for 20 h, treated with SB-431542 for 20 h, or exposed to SB-431542 for just 6 h, then washed and returned to control medium for 14 h. Cumulus expansion was assessed after 20 h of culture. Bars with different superscript letters are significantly different (P , 0.05).
activation of granulosa cell SMAD 2/3 phosphorylation and oocyte-stimulated granulosa cell proliferation [25] , and it substantially reduces SMAD2 phosphorylation in intact COCs, as shown here. Our current results demonstrate that FSH-and EGF-stimulated COC expansions were eliminated by the kinase inhibitor. In addition, SB-431542 effectively inhibited FSH-stimulated recombinant GDF9-, activin A-, activin B-, and oocyte-induced cumulus expansion. These data demonstrate that oocyte paracrine signaling through the SMAD 2/3 pathway in CCs is required for mouse cumulus expansion.
The CC morphological changes that were observed after treatment with the ALK 4/5/7 inhibitor were supported by changes in CC Has2, Tnfaip6, Ptx3, and Ptgs2 gene expression, all of which are necessary for cumulus expansion. Our results demonstrate that GDF9, activin A, and oocytes can enable FSH-stimulated CC Has2, Tnfaip6, Ptx3, and Ptgs2 mRNA expression. Oocyte-induced expression of all four genes was substantially reduced by treatment with SB-431542, and while not completely eliminated, expression levels were reduced to those of the controls (OOXs, which do not expand). Hence, these gene expression data support the morphological observations and demonstrate that oocyte activation of SMAD 2/3 is required for FSH-stimulated CC Has2, Tnfaip6, Ptx3, and Ptgs2 mRNA expression.
The kinase inhibitor SB-431542 was originally characterized as a specific inhibitor of ALK5 [29] . Because the kinase domains of ALK4 and ALK7 are similar to that of ALK5, the inhibitor was later tested and described as a specific inhibitor of ALKs 4, 5, and 7 [30] . The effect of SB-431542 also was tested on the activities of ALKs 1, 2, 3, and 6, along with various other protein kinases. The results clearly demonstrated that 10 lM SB-431542 had no significant effect on the kinase activities of ALK 1 or 2; neither did it affect components of the ERK, JNK, or MAP kinase signaling pathways [30] . ALKs 3 and 6 and the p38a MAPK signaling pathways were weakly affected, but only when using SB-431542 at a concentration of 10 lM [30] . Accordingly, we also have recently demonstrated that SB-431542 does not affect BMP activation of SMAD1 in granulosa cells [25] . Hence, SB-431542 is specific for ALK 4/ 5/7 when used at ,10 lM, and it is important to note that in the current study the highest concentration used was 4 lM, suggesting that the antagonistic effects of SB-431542 on CC expansion are indeed due to antagonism specifically of ALK 4/ 5/7 and not that of other protein kinases. In a previous study we showed that doses as low as 0.5 lM SB-431542 were sufficient to block oocyte-induced activation of a SMAD3-responsive reporter construct [25] ; however, in the current study there was still some SMAD2 phosphorylation in intact COCs exposed to 2 or 4 lM (doses that prevented cumulus expansion). The significance of this low-level SMAD2 activity is unclear, although it may be at a level too low to allow cumulus expansion to proceed.
A concern that may arise when using inhibitors is cell toxicity of the kinase inhibitor itself or the carrier employed, in this case DMSO. To exclude the possibility of CC toxicity, we examined the effect of SB-431542 on CC apoptosis by TUNEL and found it did not increase CC death. Furthermore, we also conducted a washout experiment in which COCs were exposed to SB-431542 for 6 h, followed by 14 h without the inhibitor. Our real-time RT-PCR results demonstrate that this 6-h exposure to SB-431542 is sufficient to completely prevent expression of the key matrix genes required for oocyte-induced expansion. The antagonistic effects of SB-431542 on CC expansion were reversible, as these COCs had reinitiated cumulus expansion after 14 h of inhibitor-free culture.
Together, these results demonstrate that the kinase inhibitor has no overt adverse effect on cell viability, and this is consistent with our recent observation that COCs treated with SB-431542 during oocyte maturation have normal meiotic and cleavage potential [31] .
Growth factors identified to date that can mimic the oocyte and enable cumulus expansion are all TGFB superfamily   FIG. 6 . Effect of the ALK 4/5/7 inhibitor SB-431542 on CC Has2, Ptx3, Tnfaip6, and Ptgs2 mRNA expression. OOX complexes (40 per treatment per experiment) were cultured for 6 h in media supplemented with 50 mIU/ml rhFSH and 5% FCS. Realtime RT-PCR analysis was performed using primer sets for Has2, Ptx3, Tnfaip6, Ptgs2, and Rpl19, using RNA from CCs (OOX) cultured alone (control), treated with GDF9 (145 ng/ml) or activin A (200 ng/ml), or cocultured with DOs (0.8/ll), either in the absence or presence of 4 lM SB-431542. The levels of Has2, Ptx3, Tnfaip6, and Ptgs2 mRNA were normalized to Rpl19. Columns are means 6 SEM of five independent experiments and are expressed as a fold change from mRNA levels in OOX complexes cultured alone (control; set to a value of 1). Asterisks denote a significant effect of SB-431542 for that treatment (P , 0.05). 854 members. With the exception of BMP15 [22] , which activates SMAD 1/5/8, all other family members that can enable CC expansion are those that activate SMAD 2/3 [18] [19] [20] , consistent with the main finding of this study that the CEEFs act through SMAD 2/3 to initiate cumulus expansion. In this study we examined additional members of the TGFB superfamily that activate SMAD 2/3 as candidate molecules that might contribute to the CEEFs. The TGFB superfamily members that activate SMAD 2/3 are TGFB1, TGFB2, TGFB3, activin A, activin B, GDF9, nodal, and GDF8 (reviewed in Drummond [23] and Harrison et al. [24] ). Of these growth factors, GDF9 [20] and the TGFBs [18, 19] have been studied in terms of their roles in cumulus expansion, nodal is not expressed in the oocyte [34] and, using RT-PCR, the current results demonstrate that mouse oocytes express both Inhba and Inhbb subunits but do not express Gdf8. Previous reports have been contradictory as to oocyte Inhba and Inhbb expression [35, 36] . Activins are secreted as homodimers or heterodimers of the inhibin b subunits, and activins use the type I receptor, ALK4, to activate the SMAD 2/3 signaling pathway [40] .
We next went on to investigate the effect of activin A and activin B on cumulus expansion. This study demonstrates for the first time that both activin A and activin B enable FSHinduced cumulus expansion of mouse OOX complexes. Further studies are required to demonstrate whether or not oocytes actually secrete dimeric, biologically active activin(s); however, it is perhaps noteworthy that the activin-binding protein, follistatin, effectively inhibited activin A-and activin Binduced cumulus expansion but did not antagonize oocyteinduced cumulus expansion. Hence, activin A and activin B appear to act in the same manner as TGFB1 and GDF9 [18, 20] : all activate SMAD 2/3 and can mimic the paracrine actions of the oocyte and enable cumulus expansion, but none of these, in isolation at least, account for the CEEF activity of oocytes. In support of this, activin bB knockout mice are fertile [41] , implying that these mice have normal cumulus expansion. FIG. 7 . Model depicting the two signaling pathways controlling the initiation of cumulus expansion. Initiation of mouse cumulus expansion requires two signaling events: oocyte-secreted paracrine factors act on CCs, thereby enabling CCs to respond to stimulation by FSH (in vitro) or the gonadotropin-induced EGF cascade (in vivo). FSH and EGF both activate the MAPK signaling cascade. The major finding of this study is that the oocyte-secreted CEEFs signal through the SMAD 2/3 pathway to enable FSH-or EGF-stimulated expansion. The SMAD 2/3 and MAPK signaling pathways probably cross talk to upregulate the expression of various important CC ECM genes, leading to the formation of a stable and expanded cumulus matrix.
SMAD 2/3 SIGNALING ENABLES CUMULUS EXPANSION
Given that: 1) OSF activation of SMAD 2/3 is required for cumulus expansion; 2) TGFBs, GDF9, and activins all signal through SMAD 2/3; 3) all of these growth factors enable FSHstimulated cumulus expansion; and yet 4) none of them account for the CEEF in isolation-then it seems apparent that the CEEFs consist of some combination of these factors and possibly others, cooperatively enabling CC expansion. This hypothesis might seem inconsistent with the notion that oocytesecreted BMP15 plays an important role in CC expansion [21, 22, 42] , as BMP15 signals through the SMAD 1/5/8 pathway and probably not through SMAD 2/3 [43] . BMP15-null mice are subfertile, displaying decreased ovulation and fertilization rates as well as a decrease in the expression of CC Has2, and this is compounded on a GDF9 heterozygous background [42] . These characteristics imply some sort of GDF9/BMP15 interaction in the regulation of cumulus expansion. This could be manifested in many ways and may include the involvement of a putative GDF9/BMP15 heterodimer, which modeling has predicted could activate SMAD 2/3 and SMAD 1/5/8 [44] . Furthermore, Yi et al. [45] found that ALK6-deficient female mice are infertile, primarily due to defects in cumulus expansion.
Yoshino et al. [22] recently demonstrated that recombinant human BMP15 stimulates expansion of intact mouse COCs in vitro without the need for exogenous FSH or EGF. In this scenario, it appears the obligatory activation of MAPK required for CC expansion may come from an EGF signal generated within the COC, as BMP15-stimulated COC expression of the EGF-like peptides, epiregulin, amphiregulin and betacellulin, and BMP15-stimulated expansion was blocked by an EGF receptor antagonist [22] . Another significant observation from Yoshino et al. [22] is that mouse oocytes do not appear to express processed (bioactive) BMP15 prior to the preovulatory gonadotropin surge, nor do they for at least the first 5 h after hCG treatment, by which time CC expansion is well underway, as evidenced in this study by expression of the key ECM transcripts within 6 h. Oocyte BMP15 expression is upregulated by the gonadotropins [21] , and functional, mature BMP15 protein only appears in the oocyte 9 h after hCG treatment [22] , suggesting that mouse oocytes first secrete BMP15 toward the end of oocyte maturation. If this proves to be the case, then it seems unlikely that BMP15 signaling through SMAD 1/5/8 could contribute to the oocyte signal(s) enabling the initiation of expansion. This is consistent with our current results, including the observation that SB-431542 prevented EGFstimulated COC expansion, and that follistatin, which is an activin-and BMP15-binding protein [46] , did not block oocyte-induced cumulus expansion. Hence, while OSF activation of SMAD 2/3 appears obligatory for the initiation of expansion, BMP15 signaling may play a key role in organization of the ECM later in maturation and during ovulation.
In conclusion, the results of this study provide evidence to support the hypothesis that the initiation of cumulus expansion requires oocyte-secreted factor activation of the SMAD 2/3 pathway in CCs (see the model in Fig. 7 ). Oocyte activation of SMAD 2/3 does not stimulate CC expansion in and of itself, but instead enables FSH or EGF-like peptides to do so. FSH/ EGF stimulate cumulus expansion through MAPK, and it has been postulated that an oocyte-secreted paracrine factor is required to enable FSH activation of CC MAPK [16, 17, 38] . The results of the current study support and extend this hypothesis, whereby the oocyte-secreted CEEFs activate SMAD 2/3 signaling in the CCs, and this then initiates an obligatory signal to the MAPK pathway that enables FSH/EGF to activate MAPK and eventually stimulate cumulus expansion (Fig. 7) . Further studies are required to determine the interaction between SMAD 2/3 and SMAD 1/5/8 signaling after the initiation of cumulus expansion and during ovulation.
